The stock culture of solanum nodiflorum mottle virus (SNMV) was freed from RNA-2 by passage through single lesions induced in inoculated leaves of Nicotiana debneyi by dilute inocula of partially purified SNMV RNA-1. This isolate (S1) was indistinguishable serologically and in symptomatology from the stock culture of SNMV. Using a sensitive bioassay for detecting RNA-2, no SNMV RNA-2 was found in RNA from particles of the S1 isolate purified after three successive passages in Nicotiana clevelandii. Addition of SNMV RNA-2 (which is not infective alone) had little or no effect on the infectivity of S1 RNA but restored the RNA content of particles to that found in the stock culture (RNA-1 and RNA-2). However, S1 did not support the replication of the RNA-2 from lucerne transient streak virus (LTSV). The possible interaction of the RNA-2 species from LTSV and SNMV with the genomes of other plant viruses was tested by mixing the RNA-2 species with nucleic acid from 11 other viruses. The survival of RNA-2 activity on inoculated leaves for up to 15 days complicated the interpretation of the results of these tests but a small amount of LTSV RNA-2 and SNMV RNA-2 was obtained only from particles of turnip rosette virus purified from plants inoculated with the relevant RNA mixtures. These and other data suggest that these RNA-2 molecules with physicochemical properties similar to viroids found in particles of some sobemoviruses are satellite RNA species whose multiplication is assisted by some, but not all, of the viruses in this group.
INTRODUCTION
Four plant viruses that occur naturally in Australasia are novel in that their particles contain, in addition to linear RNA of mol. wt. about 1.4 x 106 (RNA-1), small circular and linear RNA molecules (RNA-2) of mol. wt. about 1.2 x l0 s Gould & Hatta, 1981 ; Tien-Po et al., 1981; Francki et al., 1983b) . These RNA-2 molecules are similar in size, shape and physicochemical properties to viroids (Diener, 1979; Randles et al., 1982) . However, unlike viroids, which replicate independently and cause diseases in plants (Diener, 1979) , these RNA-2 molecules do not appear to be capable of autonomous replication in plants and infect them only in association with the RNA-1 molecules (Gould et al., 1981; . In Australia, Gould et al. (1981) reported that in two of these novel viruses, solanum nodiflorum mottle (SNMV) and velvet tobacco mottle (VTMoV), both the RNA-1 and RNA-2 were necessary for infectivity and the production of virus particles. Moreover, although SNMV and VTMoV are related serologically and share considerable nucleotide sequence homology in their RNA molecules (Gould & Hatta, 1981 : Haseloff & Symons, 1982 , no infectivity occurred when either the RNA-1 or RNA-2 species of VTMoV was substituted for the similar species occurring in SNMV particles (Gould et al., 1981) . In contrast, the RNA-2 of a third such virus, lucerne transient streak (LTSV), was found to behave as a satellite RNA and was not necessary either for the replication of LTSV RNA-1 or for the production of virus particles . More recently, we reported that the RNA-2 of SNMV also behaves as a satellite RNA in association with LTSV RNA-1 and is packaged in 0022-1317/8/0000-6170 $02.00© 1984 SGM particles with the serological specificity of LTSV . This result led us to question the conclusion of Gould et al. (1981) that both RNA-1 and RNA-2 are required for the replication of SNMV, and we therefore made attempts to test the infectivity of SNMV RNA-1 alone . Although these first attempts were hindered by difficulties in separating SNMV RNA-1 from all traces ofSNMV RNA-2 , we have now overcome this problem. In this paper, we show that SNMV RNA-2 is not required either for the infectivity and replication of SNMV RNA-1 or for the production of SNMV particles. Our earlier suggestion ) that SNMV RNA-2 is probably a satellite RNA therefore seems to be correct. We also describe the results of experiments to determine the ability of other plant viruses to support the replication and packaging in virus-like particles of the satellite RNA-2 molecules of LTSV and SNMV.
METHODS
Viruspropagation and purification. All virus isolates were grown in aphid-proof glasshouses or in growth cabinets. Two isolates of SNMV, each originating from Queensland, Australia, were used. The isolate designated SNMV-A was that used previously and was supplied by Dr O. Stone (Glasshouse Crops Research Institute, Linlehampton, West Sussex, U.K.). Isolate SNMV-Q was obtained directly from Dr R. Greber (Department of Primary Industries, Indooroopilly, Brisbane, Queensland, Australia). Cultures of LTSV containing RNA-2 (LTSV-N) and lacking RNA-2 (LTSV-C) were those described previously . All other virus isolates used were those maintained at SCRI, which were propagated as indicated in Table 2 . SNMV and LTSV were propagated and their particles purified as described previously . Elderberry latent virus (ELV) was purified from Chenopodium quinoa plants as described by Jones (1972) and turnip rosette virus (TRosV) was purified from turnip as described by Hollings & Stone (1973) . All viruses non-indigenous to the U.K. were studied under licence from the Department of Agriculture and Fisheries for Scotland.
AssaysJbr RNA-2. LTSV RNA-2 and SNMV RNA-2 have each been shown to change the local lesions induced by LTSV RNA o 1 in Chenopodium amaranticolor plants from chlorotic to necrotic . RNA-2 was detected by tests based on this change in lesion type; the detection threshold of this procedure is about 1 ng/ml of RNA-2 . C. amaranticolor and Nieotiana debneyi test plants were inoculated and grown in growth cabinets as described previously (Jones e~ al., 1983) .
Virus RNA. RNA was extracted from virus infected leaves and from purified virus particles as described by . Electrophoresis of RNA samples in polyacrylamide gels and extraction of RNA from such gels was as described previously .
Precipitation of high mol. wt. RNA with LiCI. RNA dissolved in 10 mM-Tris-HC1, 50 mM-NaCI, pH 7.6 was mixed with 0.25 vol. 10 M-LiCI and kept overnight at 4 °C. High mol. wt. RNA was recovered by sedimentation at 8000 to 10 000g for 10 min. Pelleted RNA was rinsed with 2 M-LiC1 before redissolving in buffer. Low tool. wt. RNA was recovered from the top 80~ of the supernatant fluid obtained after adding LiCI.
Serological tests. Double diffusion precipitin tests were done in 0-7~ agarose gels as described previously (Jones et aL, I983) .
RESULTS

Local lesion hosts of SNMV
A local lesion host was indispensable in earlier work with LTSV . Attempts were therefore made to find a suitable local lesion host for SNMV, none having been reported in previous studies (Greber, 1981) . In general, S N MV-A and SN MV-Q induced similar symptoms, which were largely the same as those produced in Australia (Greber, 1981) , except that SNMV was recovered readily from symptomless inoculated leaves of C. quinoa and occasionally from inoculated leaves of Datura stramonium and Nicotiana glutinosa. Additional hosts of SNMV not tested by Greber (1981) were Gomphrena globosa, Nieotiana benthamiana and Tetragonia expansa; no symptoms developed in these three species and SNMV was systemic only in the last two. In some environmental conditions, many pinpoint necrotic lesions developed in the inoculated leaves of D. stramonium and N. debneyi (Fig. 1 a) . Such lesions were produced commonly in the summer months, and also at other times, provided that supplementary lighting from mercury vapour lamps was used to give an 18 h photoperiod. When N. debneyi plants inoculated with SNMV-Q were kept for 7 to 10 days in growth cabinets no symptoms developed, but when they were transferred to the glasshouse, large necrotic rings developed within a further 4 to 5 days (Fig. 1 b) . 
Obtaining S N M V RNA-1 free from RNA-2
As assessed by polyacrylamide gel electrophoresis (PAGE), most RNA-2 was removed from SNMV R N A by twice precipitating RNA-1 with 2 M-LiC1. R N A was therefore extracted from the RNA-1 band in such gels and inoculated in tenfold dilutions to D. stramonium, Nieotiana clevelandii and N. debneyi.
In the first experiment, such SNMV-A RNA-1 preparations induced symptoms typical of SNMV in all three plant species at dilutions up to x 10. However, by adding LTSV-C R N A to them and inoculating the mixtures to C. amarantieolor, the RNA-1 samples were found to contain SNMV RNA-2. Several virus isolates obtained from single necrotic lesions induced by the x 10 dilution of SNMV RNA-1 in inoculated N. debneyi leaves and cultured in N. elevelandii were also found to contain SNMV RNA-2.
In the second experiment, SNMV-Q RNA-1 samples extracted from polyacrylamide gels were again infective to all three plant species up to x 10 dilution. In addition, N. clevelandii, but not D. stramonium or N. debneyi, developed symptoms of SNMV infection at dilutions of x 100 and x 1000. Bioassays for RNA-2 in sap from each of these infected N. clevelandii plants failed to detect SNMV RNA-2. The N. clevelandii plant inoculated with the x 1000 dilution of SNMV RNA-1 was therefore used to inoculate further N. clevelandii plants. Bioassays of the R N A from these additional plants again failed to detect SNMV RNA-2 and the plants were therefore used as the source of virus particles for purifications. P A G E of R N A from such purified particles detected only SNMV RNA-1. However, when this viral R N A was used at 10 ~tg/ml in mixtures with LTSV-C R N A and inoculated to C. amarantieolor plants, about 10~ of the LTSV lesions formed were necrotic. This indicates an extremely low level of contamination of SNMV RNA-1 with SNMV RNA-2 after two passages in N. clevelandii and suggests that SNMV RNA-2 is not necessary for the infectivity of SNMV RNA-1 but is difficult to eradicate from cultures. However, the results were not conclusive and further tests were therefore made.
Symptomless N. debnevi plants that had been inoculated with the x 1000 dilution of SNMV RNA-1 developed a few large local necrotic rings similar to those in Fig. 1 (b) when transferred from the growth cabinet to the glasshouse. Virus from single lesions was cultured in D. stramonium, N. clevelandii and N. debneyi and kept in the glasshouse. All single-lesion cultures produced symptoms in these hosts typical of SNMV and were passaged twice in N. clevelandii plants. Of three isolates successfully cultured in this way, only one, called SNMV-S1, was found to be free from SNMV RNA-2 in bioassays. This isolate was further passaged in N. clevelandii and virus particles purified. Viral RNA extracted from these particles produced no RNA-2 band in polyacrylamide gels ( Fig. 2) and, when inoculated to C. amarantieolor at 1 and 10 ~tg/ml in mixtures with LTSV-C RNA, only chlorotic lesions were produced. This indicates the absence of SNMV RNA-2 in the SNMV RNA-1 culture (SNMV-S1) after three passages in N.
clevelandii. This is considered good evidence that SNMV RNA-1 can infect and replicate in plants and can produce particles of SNMV independently of SNMV RNA-2. It therefore adds further support to earlier findings, and to the suggestion that SNMV RNA-2 is a satellite RNA .
Replication of SNMV RNA-2 and LTSV RNA-2 in the presence of SNMV RNA-1 Attempts were made to reconstitute the naturally occurring form of SNMV and to test the ability of SNMV-S1 to support the replication of LTSV RNA-2. Purified preparations of SNMV RNA-2 and LTSV RNA-2, each previously found not to be infective alone , were added to RNA from purified particles of SNMV-S1 and the RNA mixtures inoculated to N, clevelandii plants. The symptoms induced by each mixture were indistinguishable from those induced by SNMV-S 1. Virus particles of each culture were purified from these plants using the standard method for SNMV. Purified virus preparations from culturesofSNMV-Sl, SNMV-SI RNA + SNMV RNA-2 and SNMV-S1 RNA ÷ LTSV RNA-2 each reacted with antiserum to SNMV in agarose gel double diffusion serological tests, producing precipitin lines that fused without producing spurs; none of the preparations reacted with antiserum to LTSV. When RNA from purified particles of each of the three cultures was electrophoresed in 2.8 ~ polyacrylamide gels, SNMV RNA-1 was detected in all preparations but only RNA from the culture with the added SNMV RNA-2 contained a band corresponding to RNA-2. Furthermore, when the RNA from purified particles or from N. clevelandii inoculated with the RNA mixtures was mixed with LTSV-C and inoculated to C. amaranticolor, only RNA from the SNMV RNA-1 + SNMV RNA-2 culture produced necrotic lesions. The other inocula induced only chlorotic lesions, and no multiplication of LTSV RNA-2 was detected. In two separate experiments, no band corresponding to LTSV RNA-2 was detected by PAGE of RNA from virus particles purified from plants inoculated with the mixture SNMV RNA-1 + SNMV RNA-2 + LTSV RNA-2. Thus, SNMV RNA-1 does not appear to support the replication of LTSV RNA-2. In contrast, LTSV RNA-1 is able to support the replication of either SNMV RNA-2 or LTSV RNA-2 .
The addition of satellite RNA species obtained from preparations of tobacco ringspot virus (ST strain; Schneider, 1969) or from preparations of cucumber mosaic virus (I 17N strain; Jacquemond & Lot, 1981) to inocula of LTSV RNA-1 did not modify the type of local lesion induced in C. amaranticolor.
Effect of SNMV RNA-2 on the infectivity of SNMV RNA-1
Preparations of SNMV RNA-1 at different concentrations were inoculated, both alone and mixed with SNMV RNA-2, to half-leaves of N. debneyi plants in a latin square design; the numbers of local lesions induced were counted 8 to 10 days later (Table 1) . In separate assays to C. amaranticolor plants, preparations containing SNMV RNA-2 at 0.001 ~tg/ml and LTSV RNA-1 induced a mixture of necrotic and chlorotic lesions, confirming the high biological activity of SNMV RNA-2. The data in Table 1 confirm that SNMV RNA-1 is infective alone and indicate that the addition of SNMV RNA-2 has little or no effect on this infectivity. However, the possibility that the addition of SNMV RNA-2 may increase slightly the infectivity of SNMV RNA-1 cannot be excluded. There was no difference between the appearance of lesions induced by SNMV RNA-1 alone and that of those induced by mixtures with SNMV RNA-2.
Ability of other plant viruses to support the replication of satellite RNA-2 molecules
Eleven plant viruses from several virus groups were tested for their ability to support the replication of LTSV RNA-2 and SNMV RNA-2. Virus nucleic acid extracted either from purified preparations of virus particles or from leaves of virus-infected plants was mixed with SNMV RNA-2, LTSV RNA-2 or buffer and inoculated to hosts of the viruses. Table 2 lists the 11 viruses used and gives the origin of the viral nucleic acid, the species of test plant inoculated and the leaves (I = inoculated, S = systemically infected) from which nucleic acid extracts were made 7 to 18 days after inoculation. These extracts were inoculated to C. amaranticolor plants in mixtures with LTSV-C RNA. Extracts from leaves infected with viruses that induced lesions in C. amaranticolor were freed from infective high molecular weight RNA by twice precipitating such RNA from 2 M-LiC1. In these bioassays the only necrotic lesions produced were in leaves inoculated with mixtures containing ELV or TRosV. However, Table 3 shows that necrotic lesions were produced only erratically and in small numbers in these assays. As a further test for 
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Tests of the ability of RNA-2 to replicate in association with nucleic acid of a range of viruses
Plant species inoculated Virus* used as source with virus nucleic acid Leaves tested of nucleic acid and RNA-2 mixtures for RNA-2
CLV (V)t Nicotiana benthamiana I, S~ Nicotiana clevelandii I, S CPMV (V)
Chenopodium amaranticolor
Turnip I, S * Viruses are: CLV, cassava latent; CPMV, cowpea mosaic; ELV, elderberry latent; RBDV, raspberry bushy dwarf; RRV, raspberry ringspot; TNV, tobacco necrosis; TRV-CAM, CAM strain of tobacco rattle; TBSV, tomato bushy stunt; TCV, turnip crinkle; TRosV, turnip rosette; TYMV, turnip yellow mosaic.
~" (V) Purified virus particles; (P) virus-infected plants. I, Inoculated leaves; S, uninoculated leaves. the replication of RNA-2 and to determine whether such molecules were packaged in virus particles, sap from the original plants inoculated with the RNA mixtures was used to inoculate further plants of C. quinoa (ELV samples) or turnip (TRosV samples), and after 10 to 14 days virus particles were purified from these plants. PAGE of RNA from these particles showed no band corresponding to either RNA-2 species in any of the samples. When the RNA samples were bioassayed for RNA-2, the percentage of lesions that were necrotic was 53 for TRosV + LTSV RNA-2, 5 for TRosV + SNMV RNA-2 and 0 for the other combinations. This suggests that each RNA°2 species probably replicates when inoculated with TRosV but not with ELV, and that some RNA-2 molecules were contained in particles of TRosV. 
Survival of RNA-2 molecules after inoculation to C. amaranticolor leaves
In attempts to explain the small proportion of necrotic lesions recorded in Table 3 , tests were made to determine how long RNA-2 molecules remained biologically active after inoculation to leaves. Preparations of RNA-2 of LTSV and of SNMV, at 1 ~tg/ml, were inoculated to leaves of several C. amaranticolor plants. At intervals after inoculation, leaves were assayed for RNA-2 activity in one of two ways: (i) some were further inoculated with sap from LTSV-C-infected C.
amaranticolor leaves, and (ii) RNA was extracted from others and the extracts mixed with LTSV-C RNA and inoculated to fresh C. amaranticolor plants. Table 4 shows that in these tests RNA-2 activity was detected in the inoculated leaves of plants up to 15 days after inoculation. However, assays for such activity using RNA extracts from the inoculated leaves were much less sensitive than subsequent delayed inoculation of the leaves with sap from plants infected with LTSV-C. Table 4 also shows that LTSV RNA-2 activity was less persistent than that of SNMV RNA-2. These results for LTSV RNA-2 are in keeping with our earlier finding that no RNA-2 activity was detected in assays of RNA from plants inoculated 11 days previously with LTSV RNA-2 . This survival of RNA-2 activity following inoculation to leaves probably accounts for the small and inconsistent satellite RNA activity evident in tests with ELV (Table 3) .
DISCUSSION
Our results show that, as with LTSV RNA-1 Francki et al., 1983 a) , SNMV RNA-1 is not dependent on SNMV RNA-2 for replication or the production of virus particles. SNMV RNA-2 therefore seems to behave as a satellite RNA with its homologous RNA-1 as well as with the heterologous LTSV RNA-1 . Our results therefore conflict with those of Gould et al. (1981) who reported that both RNA-1 and RNA-2 of SNMV were necessary for infectivity. We have no explanation for this discrepancy. However, our results show that it is extremely difficult to free SNMV RNA-1 from its RNA-2 and great care was needed to prevent recontamination of this culture with SNMV RNA-2. This experience is in keeping with our studies on LTSV (A. T. Jones & M. A. Mayo, unpublished data) and also with that of workers studying some other satellite RNA systems (Murant & Mayo, 1982) . For example, Mossop & Francki (1979) found it impossible to free any cucumovirus isolate from cucumber mosaic virus satellite RNA after it had been introduced. These difficulties are presumably caused by the remarkably high biological activity of these small s~tellite RNA species and their ability to survive for long periods after inOculation to leaves in the absence of the helper RNA (this paper and Murant & Mayo, 1982) . Both these features may be a consequence of the extensive secondary structure of the RNA molecules (Randles et al., 1982; Mutant & Mayo, 1982; Keese et al., 1984) . However, it is also possible that the satellite RNA species may replicate independently in inoculated cells and that it is their intercellular movement in plants that is dependent upon the helper virus. None of our experiments or, to our knowledge, those of workers studying other satellite RNA systems, excludes this possibility (Murant & Mayo, 1982) .
Whether or not the viroid-like RNA-2 molecules are self-replicating, an association with the helper virus that results in packaging of RNA-2 in the helper virus protein and in the systemic invasion of plants with RNA-2, offers the obvious advantage of plant-to-plant spread by vectors of the helper virus. This advantage is exploited further in at least three of the four viruses known to contain viroid-like RNA in that these RNA-2 molecules seem able to use different helper viruses. Thus, in mixtures with southern bean mosaic virus (Paliwal, 1984) , sowbane mosaic virus (Francki et al., 1983a) and turnip rosette virus (this paper), LTSV RNA-2 replicated and became packaged in heterologous virus particles. Similarly, SNMV RNA-2 replicated and was packaged in virus particles when inoculated to plants in mixtures with LTSV and possibly TRosV (this paper), and the RNA-2 of subterranean clover mottle virus (SCMoV; Francki et al., 1983b) replicated in association with LTSV RNA-1 (Keese et aL, 1984) . However, there is also some specificity of interaction between these RNA-2 molecules and their helper viruses. Francki et al. (1983 a) failed to detect the replication of SCMoV RNA-2 when inoculated with sowbane mosaic virus and we failed to detect the replication of LTSV RNA-2 when inoculated to plants with SNMV RNA-1 or with SNMV RNA-1 + SNMV RNA-2. Additionally, no detectable replication of either LTSV RNA-2 or SNMV RNA-2 was found when these RNA species were inoculated to plants in mixtures with any of ten other plant viruses. It is noteworthy that all the viruses currently known to support the replication of these viroid-like RNA molecules are members or putative members of the sobemovirus group, but not all show a serological relationship to the virus donating the RNA-2. What particular feature(s) of these viruses (and/or their replication strategy) facilitates the interaction with these RNA-2 molecules is not known. However, viroid activity and probably viroid replication are associated with the nuclei of infected cells (Diener, 1979) , and it is therefore noteworthy that particles of sobemoviruses, unlike those of most other plant viruses, are readily found in cell nuclei.
